statement 31 We identified a novel role for Apontic as an important common regulator of the transcription 32 of hedgehog and cyclin E. Our study provides important insights into the mechanism of organ 33 development. 34 35 36 ABSTRACT 37 Hedgehog (Hh) signaling pathway and Cyclin E are key players in cell proliferation and 38 development. Hyperactivation of hh and cyclin E has been linked to several types of cancer. 39 However, transcriptional regulation of hh and cyclin E are not well understood. Here we show 40 that an evolutionarily conserved transcription factor Apontic (Apt) is an activator of hh and 41 cyclin E in Drosophila. Apt directly promotes the expression of hh and cyclin E through its 42 binding site in the promoter regions of hh and cyclin E during wing development. This 43 Apt-dependent proper expression of hh and cyclin E is required for cell proliferation and 44 development of the wing. Apt-mediated expression of hh and cyclin E can direct proliferation 45 of Hh-expressing cells and simultaneous growth, patterning and differentiation of 46 Hh-recipient cells. The discovery of the coordinated expression of Hh and principal cell-cycle 47
regulator Cyclin E by Apt implicates insight into the mechanism by which deregulated hh and 48 cyclin E promotes tumor formation. Animal development requires the organ patterning and growth. How these two processes are 62 coordinated remains unclear. The Drosophila wing is an excellent model to study the 63 regulation of gene expression during the organ patterning and cell growth. The wing disc is a 64 sac-like structure composed of disc proper (DP) cells and peripodial epithelium (PE). During 65 larval development, wing disc DP and PE cells proliferate extensively and are patterned, 66 finally give rise to the adult wing (Milner et al., 1984) . The Hh and Cyclin E can contribute to 67 patterning and growth of the wing disc during development (Neufeld et al., 1998; Tabata and 68 Kornberg, 1994) . 69 Hh pathway is one of the major signaling pathways that control animal development from 70 Drosophila to humans, which has been implicated in stem cell maintenance, cell migration, 71 axon guidance and tissue regeneration (Beachy et al., 2004; Charron et al., 2003; Clement et 72 al., 2007; Hochman et al., 2006) . In the Drosophila wing disc, Hh expresses in posterior (P) 73 compartment cells and spreads into the anterior compartment where it activates target genes 74 such as engrailed (en), patched (ptc), collier (col), decapentaplegic (dpp) and iroquois (iro) 75 (Matusek et al., 2014; Nahmad and Stathopoulos, 2009; Tabata and Kornberg, 1994) to 76 control wing patterning. Moreover, Hh is required for transient fusion between the PE and the 77 DP sides during regeneration of wing discs (McClure and Schubiger, 2005) . Therefore, the 78 expression of hh is vital in the wing disc. In the anterior (A) compartment cells, the truncated 79 transcription repressor Ci R inhibits the transcription of hh. However, the underlying 80 mechanism by which the posterior cells activate hh transcription is still to be determined. 81 Cyclin E belongs to the cyclin family, which is required for cell division (Knoblich et al., 82 1994) . Dysregulation of cyclin E correlates with various tumors, including breast cancer and 83 lung cancer (Donnellan and Chetty, 1999; Keyomarsi et al., 1994; Moroy and Geisen, 2004) . 84 Besides, deregulated Cyclin E activity causes cell lineage-specific abnormalities, such as 85 impaired maturation due to unregulated cell proliferation (Minella et al., 2008) . In Drosophila, 86 Cyclin E is essential for G1-to-S phase transition in the posterior cells of eye disc (Richardson   87   et al., 1995) . It has been reported that cyclin E is a potential target gene of Hh signaling in 88 Drosophila. Hh pathway activates cyclin E transcription through its unique transcription 89 4 factor Ci in the posterior cells of eye disc (Duman-Scheel et al., 2002) . It is known that Hh 90 pathway is turned on exclusively in the A cells near A/P boundary (Strigini and Cohen, 1997; 91 Tabata and Kornberg, 1994) . However, cyclin E expresses throughout the wing disc (Neufeld   92   et al., 1998) . This contradiction suggests that other factors are involved in regulating the 93 expression of cyclin E. Therefore, it is fruitful to investigate the regulation of Cyclin E in 94 wing disc and the relationship between Cyclin E and Hh pathway. 95 Apontic (Apt) has been identified as a transcription factor involved in development of 96 tracheae, head, heart and nervous system (Eulenberg and Schuh, 1997; Gellon et al., 1997; 97 Liu et al., 2003; Su et al., 1999) . Apt can suppress metastasis (Woodhouse et al., 2003) and is 98 required in the nervous system for normal sensitivity to ethanol sedation (McClure and   99 Heberlein, 2013). Moreover, Apt participates in JAK/STAT signaling pathway to limit border 100 cells migration (Starz-Gaiano et al., 2009; Starz-Gaiano et al., 2008; Yoon et al., 2011) . 101 However, the role of Apt in wing development is unknown. 102 In this study, we found that both loss of and overexpression of apt resulted in defect wings. 103 Further studies demonstrated that loss of apt attenuated the expression of hh and cyclin E, 
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Apt is expressed in the wing disc and is required for wing development 111 As the first attempt to investigate the function of apt during wing development, we analyzed 112 apt expression pattern in the wing disc by immunostaining using anti-Apt antibody. In the 113 wing disc, Apt was detected in PE cells as revealed by co-localization with a PE marker Ubx 114 ( Fig. 1A) . Apt was also detected in DP cells (Fig. 1B) . These data clearly demonstrate that Apt 115 is expressed in both the PE and DP of the wing disc, suggesting its possible role in wing 116 development. 117 To analyze the role of Apt during wing development, we would examine the developing 118 wing of homozygous apt null mutant. However, apt null homozygotes die as embryos 119 5 (Eulenberg and Schuh, 1997) . Therefore, we induced apt loss of function mutant clones in the 120 wing disc using the FLP/FRT system (Theodosiou and Xu, 1998) . The formation of these 121 clones resulted in a small wing with a blistered phenotype (Fig. 1D ) compared with the 122 control wing (Fig. 1C ). Furthermore, RNAi-mediated knockdown of apt in DP cells of the 123 wing disc resulted in a small wing, and also reduced the width between vein 3 and vein 4 ( Apt regulates the expression of hh in the wing disc 137 The observation that knockdown of apt narrowed the space between vein 3 and vein 4 implied 138 that Apt might modulate Hh pathway in wings. As an important initiator of Hh pathway, hh 139 gene expresses in the wing disc (Cho et al., 2000; Tabata and Kornberg, 1994) .We first 140 compared the expression of apt and hh in the wing disc, and found that Apt and hh-lacZ were Apt directly controls hh in the wing disc 157 To address how Apt activates the expression of hh, we focused on a 15-kb region of the hh 158 locus known to reproduce the normal hh expression pattern in the wing disc (Lee et al., 1992) . 159 We identified one potential Apt binding sequence (Liu et al., 2003) within the region ( Apt activates the cyclin E expression in the wing disc 173 We have reported that Apt induces the cyclin E expression in the eye disc (Liu et al., 174 2014).Therefore, we examined whether Apt regulates cyclin E also in the wing disc. To do 175 this, we first performed a double-staining experiment. In the wild-type wing disc, Apt and 176 Cyclin E were co-expressed ( Fig. 4A-C) . Furthermore, the expression of Cyclin E was 177 significantly reduced in the apt mutant clones ( Fig. 4D-F; Fig. S7A ). The expression of cyclin 178 E mRNA was also reduced upon RNAi-knockdown of apt in the wing disc (Fig. S7B ). By 179 7 contrast, the expression of Cyclin E and its mRNA was increased by overexpression of Apt in 180 the wing disc using MS1096-Gal4 and UAS-apt ( Fig. 4G-I; Fig. S7B ). These results indicate 181 that Apt activates the expression of cyclin E in the wing disc. 182 We then asked whether the regulation of cyclin E by Apt is mediated through Hh. To test 183 this idea, we compared the expression of hh and cyclin E upon overexpression of Apt in the 184 wing disc. Both hh and Cyclin E were induced by overexpression of Apt (Fig. 2Q,4H) . 185 However, their expression patterns were different. Cyclin E was induced in all region of the 186 wing disc, whereas the expression of hh was restricted in the posterior compartment. 187 Moreover, the expression of Cyclin E was not changed by RNAi-knockdown of hh using 188 MS1096-Gal4 and UAS-hh RNAi (Fig. 4J ) and in an hh gain of function mutant hh Mrt that 189 exhibits ectopic expression of hh in the anterior compartment (Tabata and Kornberg, 1994) 190 ( Fig. 4K) . These data suggest that the activation of cyclin E by Apt is independent of Hh in 191 the wing disc (Fig. 4L ). Apt-binding site (cycEPlacZ) (Fig. 5A ) or a mutated site (cycEMPlacZ) (Fig. 5E ). Although 199 cycEPlacZ with the wild type binding site recapitulated the cyclin E expression in the wing 200 disc ( Fig. 5B-D) , base substitutions in the Apt-binding site in cycEMPlacZ abolished the lacZ 201 expression ( Fig. 5F-H) . These results indicate that Apt directly activates cyclin E through its 202 binding site in the regulatory region of cyclin E. Knoblich et al., 1994) , defects in apt would affect the cell number in the wing disc. As 207 expected, we observed significant decrease in the cell number in an apt mutant clone using 208 DAPI staining (Fig. 6B) . Moreover, phalloidin labeling revealed disruption of the linear 209 8 arrangement of cells in the clone (Fig. 6C) . When Apt was overexpressed in the wing disc, the 210 number of DAPI-stained cells was not significantly changed from that in the control disc 211 (compare Fig. 6F with 6D) . However, the linear arrangement of cells was disrupted (compare 212 Fig. 6G with 6E) . Since Hh and Cyclin E are required for the regulation of apoptosis 213 (Guerrero and Ruiz i Altaba, 2003; Hwang and Clurman, 2005 ; Ruiz i Altaba, 1999), we 214 asked whether the overexpression phenotypes are caused by apoptosis. To test this, we 215 investigated apoptosis in wing discs by staining with anti-Caspase-3 antibody. In the third 216 instar wing disc from apt mutant clones and wild type, few apoptotic cells were observed ( Fig.   217 6H-J). However, in the wing disc from an Apt-overexpressed larva, the number of apoptotic 218 cells was significantly increased (Fig. 6K ). This presumably explains why wing size was 219 reduced upon overexpression of Apt (Fig. 1G ). 220 Homozygotes of hh mutations for the Apt-binding site exhibited the small wing but not the 221 blistered phenotype. However, hh and cyclin E double mutant recapitulates the smaller and 222 blistered wing. While CycE 2 /+ flies showed normal wings, three percent of hh bar3 /hh bar3 and 223 eighteen percent of CycE 2 /+; hh bar3 /hh bar3 flies showed the smaller and blistered phenotypes 224 ( Fig. S8A-C) . We also observed genetic interaction between hh and cyclin E in the extra 225 crossvein phenotype. While CycE JP /+ and hh 2 /+ flies showed normal wings, fifty-four percent 226 of CycE JP /+; hh 2 /+ flies exhibited wings with the extra crossvein ( Fig. S8D-F In the wing disc, Hh exclusively expresses in the P compartment. After many modifications, 237 the mature Hh ligands are secreted from the P compartment and reach ~12cell rows near A/P 238 boundary of the A compartment (Basler and Struhl, 1994; Tabata et al., 1992 ; Tabata and 239 9 Kornberg, 1994) . Ci expresses solely in the A compartment (Slusarski et al., 1995) . Without 240 the Hh, full-length Ci is ubiquitinated by SCF Slimb to partial degradation, culminating in 241 formation a truncated transcriptional repressor termed Ci R . Ci R enters into the nucleus to 242 repress the expression of hh in the A compartment (Aza-Blanc et al., 1997; Jiang and Struhl, 243 1998; Smelkinson and Kalderon, 2006) . In this study, we found the ubiquitous expression of 244 Apt in the wing disc (Fig. 1A,B) . However, the expression of hh is restricted in the P 245 compartment of DP cells. Overexpression of apt in the wing disc with the MS1096-GAL4 246 driver emerges the ectopic expression of hh in the A compartment, suggesting that Apt is 247 sufficient to turn on hh expression. We speculate that during the normal development progress, 248 Apt might cooperates with others factors (such as Ci R ) to restrict the expression region of hh. 249 It is interesting to investigate the relationship between Ci R and Apt. 250 To assess the importance of the Apt-binding site in the promoter region of hh, we first tried 251 a transgenic reporter assay. However, the regulatory region of hh encompassing the upstream 252 region and the 1st intron (~15 kb) (Lee et al., 1992) is too large to make a reporter construct 253 for conventional P-element mediated transgenesis. Therefore, we employed the CRISPR-Cas9 254 system (Kondo and Ueda, 2013) to mutagenize the endogenous Apt-binding site in the hh 255 promoter. All 6 independent mutants exhibited the same phenotypes (reduced expression of 256 hh, reduced wing size and the space between L3 and L4), suggesting that the observed 257 phenotypes are not due to off-target effect of Cas9. Nevertheless, we inspected the possibility 258 of off-target effect. Since our gRNA carries the binding sequence for Apt, a binding site of 259 Apt in other than the hh promoter could be the most likely candidate for off-target. However, 260 all the 6 mutants showed the wild type sequence around the Apt-binding site in the cyclin E 261 promoter (Fig. S9 ). Furthermore, transheterozygotes between hh 2 and hh Δ aptDB1 exhibited the 262 hh mutant phenotype, smaller wing with extra crossvein. Taken together, these data strongly 263 suggest that the observed phenotypes are not due to off-target effect. 264 Although our data strongly support that Apt is a transcription factor of hh, mutating the Apt 265 binding site on hh promoter does not induce severe phenotypes. Beside Apt, other factors 266 might also regulate hh transcription. Therefore, both knockdown and overexpression of apt 267 only moderately affect the expression of hh. Hh, an important morphogen, plays multifaceted 268 roles in segmentation and wing patterning. Previous findings paid more attention on the 269 10 protein modification of Hh. The mechanism underlying hh transcription is not clear. Here our 270 studies unveil that Apt acts as a transcription factor of hh. 271 While Hh has been implicated in induction of Cyclin E through Ci 272 2002), subsequent researches have shown that Cyclin E accumulates in the Mad 1-2 Su(H)ci 273 mutant cells (Firth and Baker, 2005) . So whether Hh activates cyclin E is controversial. In this 274 study we showed that RNAi-mediated knockdown of hh or ectopic expression of hh in the 275 anterior compartment did not change the expression of cyclin E. Taken together, these 276 observations argue against the notion that hh regulates cyclin E in the wing disc. 277 Hyperactivation of Hh pathway has been complicated in many tumors (Clement et al., 2007; 278 Jiang and Hui, 2008) . It will be fruitful to investigate whether Apt is upregulated in 279 Hh-related tumors. The previous work indicates that Apt involves in tumorigenesis 280 (Woodhouse et al., 2003) . It is also interesting to explore whether Apt regulates tumorigenesis Homozygous apt loss-of-function clones were generated by hs-FLP/FRT recombination 297 (Theodosiou and Xu, 1998) . FRT42D and apt PΔ4 /CyO were recombined to generate FRT42D, 298 apt PΔ4 . Six pairs of FRT42D, apt PΔ4 cross to Gla/CyO were allowed to lay eggs in 299 11 G418-containing medium, and then test each line with apt P2 /CyO. hs-FLP; FRT42D, 300 Ubi-GFP/CyO crossed with FRT42D, apt PΔ4 /CyO were performed at 25°C. Heat shocks were 301 performed 32-56 hours after egg-laying for 1.5 hours at 37.5°C.
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Generation of CRISPR constructs 304 To induce mutations in the Apt-binding site in the hh promoter region, we used a Cas9-gRNA 305 system. We designed gRNA in the hh promoter region carrying the binding sequence of Apt 306 (Fig. 3A) . The corresponding sequence was introduced into the pBFv-U6.2 vector and the 307 gRNA transgenic flies were generated as described (Kondo and Ueda, 2013) . gRNA females 308 were crossed to Cas9 males to obtain the founder animals. Male founders were crossed to 309 female balancer. Offspring male flies were balanced and stocked. Genomic DNA was 310 extracted from each offspring male and used for molecular characterization. PCR primers 311 were designed to construct gRNA expression vectors and to amplify the promoter region of 312 cyclin E (Table S1 ). 313 314 315 Wing discs were dissected from 40 third instar larvae. Total RNA was prepared from the 316 dissected tissues using an RNAprep Pure Tissue kit TIANGEN #DP431). cDNAs were 317 synthesized using a Prime Script TM Ⅱ 1 st strand cDNA synthesis kit (TaKaRa #6210A). qPCR 318 was conducted with Bio-Rad CFX96 real-time system using a SuperReal PreMix Plus (SYBR 319 Green) Kit (TIANGEN #FP205) in a 20 ul reaction containing 2 pmol of relevant primers. 320 The amount of mRNA was normalized to that of control tubulin mRNA. PCR primers were 321 designed to amplify the hh region (Table S1 ). 
RT-qPCR analysis
